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Towards the transient orientation of Towards the transient orientation of 
linear moleculeslinear molecules



HistoryHistory : : alignmentalignment andand orientation in orientation in dilutedilute gasesgases

�� StaticStatic fieldsfields
�� QuadrupoleQuadrupole fieldfield andand HexapoleHexapole fieldfield focusingfocusing : Stark : Stark effecteffect usedused to select a to select a 

rotationalrotational state |J,state |J,MMJJ〉〉〉〉〉〉〉〉 ofof a a moleculemolecule fromfrom a thermal mixture a thermal mixture ofof rotationalrotational statesstates
DiatomicDiatomic moleculesmolecules : : ZeitschriftZeitschrift ffüürr PhysicsPhysics, 141 :  6 (1955), 141 :  6 (1955)
SymmetricSymmetric top top moleculesmolecules :: JCP, 42 :  767 (1965)JCP, 42 :  767 (1965)

�� Brute Force orientation : Brute Force orientation : strongstrong staticstatic electricelectric fieldfield to to orientateorientate moleculesmolecules withwith a a 
bigbig dipoledipole momentmoment

JCP, 93 :  4779 (1990)JCP, 93 :  4779 (1990)

�� Laser Laser fieldsfields
�� AdiabaticAdiabatic alignement : intense laser alignement : intense laser electricelectric fieldfield, pulse , pulse whosewhose durationduration isis muchmuch

longer longer thanthan thethe rotationalrotational periodperiod ofof thethe moleculemolecule
JCP, 104 : 3 (1996)

�� DiabaticDiabatic alignmentalignment : : femtosecondfemtosecond laser laser electricelectric fieldfield pulse, pulse, durationduration smallersmaller thanthan
thethe rotationalrotational periodperiod ofof thethe moleculemolecule, , fieldfield--freefree alignmentalignment

Phys. Rev. Let. 87 : 15 (2001)

�� TransientTransient Orientation ? Orientation ? 



Orientation with static fields

Orientation and alignment with laser fields 

⇒ femtochemistry, interferometry, quantum information, 

atosecond pulses…

Transient Orientation of linear molecules 

Computations

Half-cycle pulses

Asymetric femtosecond pulses

Perspectives, status of the AMO experiments 

Outline Outline 



Orientation/Alignment : significationOrientation/Alignment : signification
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For singlet molecules (ΛΛΛΛ=0)
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Graph of the Stark 
energy change W|J,M〉〉〉〉 (E
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State State selectionselection
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HexapoleHexapole focusingfocusing
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Used for symmetric top molecules
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Interaction energy of a polar molecule 
with a strong static electric field

Brute force orientationBrute force orientation
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Possibility with symmetric top molecules, but also singlet molecules
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EEEE Classical picture : torque exerted 

on the molecule, alignment of the 
permanent dipole moment on the 

field

Necessity of a very strong static field. Example : KCl, µµµµ0=10.27 D, Es~30 kV/cm
Also very small temperatures (supersonic molecular beams)
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Supersonic jet : rotational cooling Vacuum
High 

pressure

Vacuum
High 

pressure



StereodynamicsStereodynamics studiesstudies

Studies on the steric effect (modification of reactions depending on 
the geometry  and the presence of different chemical groups  in 

molecules)

Collisionnal studies, head versus tail preferential reactions

K + CH3I →→→→ KI + CH3

Preferential reaction

CH3I
(iodomethane )

K I



Laser Laser inducedinduced alignmentalignment

Strong static field replaced by a strong non-resonant laser field
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AdiabaticAdiabatic alignmentalignment
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Pendular states observation for 
symmetric top molecules

J. Chem. Phys. 104 : 3 (1996)
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«« AdiabaticAdiabatic »» orientation : orientation : 

StrongStrong laser laser fieldfield+ + staticstatic fieldfield

Condition of adiabaticity
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Phys. Rev. Let. , 90 : 083001 (2003)



CO ionization 
D. Normand et al., J. Phys. B: At. Mol. Opt. Phys. 25, L497 (1992)

30 ps laser pulse

Cq+, Oq+

Oq+, Cq+

O+

C+

Coulomb explosion

C02+



Experimental observation : TOF spectroscopyExperimental observation : TOF spectroscopy
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Detection  (NDetection  (N22))

laser 
pulse (fs)
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Adiabatic alignment of Adiabatic alignment of DiiodineDiiodine (I(I22))
JCP, 110 : 10235 (1999)
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DiabaticDiabatic alignmentalignment
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Wavepacket excitation : revivals

Raman excitation of 
rotationnal states
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DiabaticDiabatic alignmentalignment
Phys. Rev. Let., 87 : 153902 (2001)
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NonNon--Zero Temperature:   PZero Temperature:   P|J,M|J,M〉〉〉〉〉〉〉〉 ~ exp [~ exp [--J(J+1)B/kJ(J+1)B/kBBT ]T ]
At high T,At high T, high Bohr frequencies, high Bohr frequencies, Centrifugal distortionCentrifugal distortion

→→→→→→→→ Reduced Net AlignmentReduced Net Alignment

ΝΝ22 , Ι = 5, Ι = 5xx10101313 W/cmW/cm22, 50 , 50 fsecfsec, T=10 K, T=10 K

DiabaticDiabatic alignmentalignment



ApplicationsApplications

Preferential dissociation, Fragments selectionPreferential dissociation, Fragments selection

3D alignment3D alignment

Lithography :  Focusing and orienting moleculesLithography :  Focusing and orienting molecules

Rotational temperature measurementRotational temperature measurement

AttosecondAttosecond pulses, pulses, rescatteringrescattering experimentsexperiments

Tomographic imaging of molecular orbitals

Orientation of molecules and quantum information Orientation of molecules and quantum information 

processingprocessing

Control : pulse shapingControl : pulse shaping



Orientation of moleculesOrientation of molecules
and quantum information processingand quantum information processing

D. DeMille, PRL 88, 067901

Stark addressing of individual trapped polar oriented molecules 
(qubit), interaction between the qubits driven by the dipole-dipole 

interaction



Rotational temperature analysisRotational temperature analysis
Phys. Rev. A 68 : 023406 (2003)

Amplitude of the states  
after excitation

Fourier analysis

(((( )))) (((( )))) (((( ))))1 /, ( ) BJ J kTP J M S J e− +− +− +− +====
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AttosecondAttosecond pulses, pulses, rescatteringrescattering experimentsexperiments

Attosecond pulses from High Harmonic generation
Science, 292 : 1689 (2001)

6.2 6.3 6.4

Symmetry properties ⇒⇒⇒⇒ odd harmonics for atoms

qωωωω

Even harmonics for non centrosymmetric
molecules



Tomographic imaging of molecular orbitals
Nature, 432 : 867 (2004)

Reconstructed of N2 in its ground state HOMO  (highest 
occupied molecular orbital)

Experimental HHG (High Harmonic generation) spectrum 
(dependence with alignment)
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Intermediate conclusionIntermediate conclusion

�� Orientation in a static fieldOrientation in a static field
�� Adiabatic alignmentAdiabatic alignment
�� DiabaticDiabatic (field(field--free) alignmentfree) alignment

�� FieldField--free orientationfree orientation



TheoryTheory

Interaction energy of a molecule with an electric field
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Quadrupolar moment  operator
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Dipolar approximation : size of the molecule << λλλλ



Interaction energy of a molecule with a static electric field
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Result from the perturbation theory, for a given state ΨΨΨΨ :

ijααααLinear Polarisability : 

First Hyperpolarisability ijkββββ
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Diatomic molecules :

TheoryTheory



Interaction energy of a molecule with a periodic electric field
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“Explanation” : Floquet theorem ⇒⇒⇒⇒ wavefunction expanded in Fourier series
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Very weak interaction ⇒⇒⇒⇒ C0 only non negligible term   ⇒⇒⇒⇒ Possibility to 
define one energy
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Time independent Schrodinger equation, possibility to apply time 
independent perturbation theory to these wavefunctions

sum of wavefunctions
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FieldField––free orientation of moleculesfree orientation of molecules
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Interaction energy of a molecule with one periodic electric field

⇒⇒⇒⇒ Asymmetric electric field necessary2 possibilities :

“Half-Cycle Pulse” 
(HCP)

E(t)

t

∆∆∆∆t = 0.5 ps
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E(t)



ComputationsComputations

�� 1) Semi1) Semi--analytical solutions : impulsive limitanalytical solutions : impulsive limit
�� 2) Numerical solutions of the TDSE (Time 2) Numerical solutions of the TDSE (Time 

dependent dependent SchrodingerSchrodinger equation)equation)
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Resolution in the basis of the rotational states
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Impulsive limitImpulsive limit
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Impulsive limit approximation : case of a timeImpulsive limit approximation : case of a time--dependent Hamiltoniandependent Hamiltonian
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Our case : equivalent to neglect the rotation of the molecules during the interaction
Momentum kick
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����Our case :



HCPHCP

J=0
J=1
J=2

J=3

J=4

J=5

Dion et al., EPJD 14 : 249 (2001)

Transient FieldTransient Field--Free Orientation of Polar MoleculesFree Orientation of Polar Molecules

E(t)

t

∆∆∆∆t = 0.5 ps
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Half-Cycle Pulse

150kV/cm
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dephasingHCP rephasing



HBr T = 2K

150kV/cm

300kV/cm

150kV/cm
+

800 nm

HBr T = 2K
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HCP generationHCP generation

E(t)

t

∆∆∆∆t = 0.5 ps

+HV (50 kV)

100 fs pulse

150kV/cm



ExperimentExperiment

+V

Pulsed 
valve

MCPs

Turbo 
pump

Turbo 
pump

Lasers (780 nm) 
HCP

∆t

HCP Circular 
probe pulse 

(fs)

Supersonic 
beam

Ex : 
Hydrogen Bromide (HBr) 

µµµµ0≈≈≈≈0.8 D



DifficultiesDifficulties

�� Synchronization (delay stage)Synchronization (delay stage)
�� Space overlapSpace overlap
�� Stabilization (intensities, chirp)Stabilization (intensities, chirp)
�� Calibration of an intense HCPCalibration of an intense HCP
�� Temperature Temperature 



Alignment : NAlignment : N22
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Alignment : Alignment : HBrHBr
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∆α∆α∆α∆α ≈≈≈≈ 1.5 (a. u.)   and   Tr ≈≈≈≈ 15 K

Strong dependence of the degree of 
orientation with the temperature : we hope to 

get better !



Orientation with two overlapping Orientation with two overlapping 
femtosecondfemtosecond pulses pulses 

Promising : possibility to 
orientate molecules without 

the need of any dipole 
moment

time

Linear pump 
pulses

Circular 
probe pulse
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Ex : 
Carbon monoxide (CO) 

µµµµ0≈≈≈≈0.12 D <J>

Excitation of even 
rotational states

Parity of a |J,M〉〉〉〉 state is (-1)J

⇒⇒⇒⇒ Even and odd J states population necessary  
2 2| ( )| | ( )|R RΨ − ≠ ΨΨ − ≠ ΨΨ − ≠ ΨΨ − ≠ Ψ

r rr rr rr r



Orientation with two overlapping Orientation with two overlapping 
femtosecondfemtosecond pulses pulses 
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Other problem : 
Strong alignment of the molecules (orientation messed up by the alignment) 

Possibility to try HBr (polarisability anisotropy 3 times smaller than for CO)

<J>
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Computations : COComputations : CO
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ComputationsComputations
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Very low temperatures necessary !



ConclusionConclusion

•• Orientation of molecules with electric fieldsOrientation of molecules with electric fields

StereodynamicsStereodynamics studies, fragments selection...studies, fragments selection...

but not yet fieldbut not yet field--free oriented moleculesfree oriented molecules
Important for Important for recollisionrecollision experiments, experiments, tomographictomographic imagingimaging

•• Experimental difficulties with the two overlapping Experimental difficulties with the two overlapping 
femtosecondfemtosecond pulses (temperature, alignmentpulses (temperature, alignment……))

•• HalfHalf--cycle pulse ?cycle pulse ?



UltrafastUltrafast Laser / Atomic Physics groupLaser / Atomic Physics group

Pr. Robert R. JonesPr. Robert R. Jones

Dan Dan PinkhamPinkham

XiangdongXiangdong ZhangZhang

Mary Mary KutterufKutteruf

Brett Brett SickmillerSickmiller

KelsieKelsie BetschBetsch



Three-dimensional molecular orientation with combined electrostatic 
and elliptically polarized laser fields
PHYSICAL REVIEW A 72, 063401 2005

Haruka Tanji, Shinichirou Minemoto, and Hirofumi Sakai*

Experimental Observation of Revival Structures in 
Picosecond Laser Induced Alignment of I2

F. Rosca-Pruna and M. J. J. Vrakking
Phys. Rev. Let. 87,15 (2001)

Photodissociation of oriented HXeI molecules in the gas 
phase

R. Baumfalk, N. H. Nahler, and U. Buck, J. Chem. Phys.
114, 4755 (2001).

Controlling the Orientation of Polar Molecules with Combined 
Electrostatic and Pulsed, Nonresonant Laser Fields
Hirofumi Sakai,* Shinichirou Minemoto, Hiroshi Nanjo, Haruka Tanji, 
and Takayuki Suzuki
Phys. Rev. Let. 90,083001 (2003)



-3 -2 -1 1 2 3

-3 -2 -1 0 1 2 3




